Introduction
============

Iron deficiency is the most common nutrient deficiency worldwide ([@bib1], [@bib2]), with an estimated 30% prevalence of anemia in nonpregnant women ([@bib3]). In India, where this study was conducted, an estimated 52% of nonpregnant women of reproductive age are anemic ([@bib3]), with much of this attributed to iron deficiency. Iron deficiency anemia (IDA)[^10^](#fn4){ref-type="fn"} and iron deficiency without anemia pose a serious public health problem because they affect human capital formation and quality of life ([@bib4]). The nutritional deficiency has also been linked to impaired physical performance ([@bib5]) and endurance ([@bib6]), muscle fatigue ([@bib7]), reduced worker productivity ([@bib8], [@bib9]), impaired behavior and cognition, and suboptimal maternal--infant interactions ([@bib10], [@bib11]).

Affordable access to better iron nutrition is needed in marginalized, poor populations. Fortification of salt as a vehicle for iron delivery is promising because it engages existing systems for producing and distributing a widely used and affordable food ([@bib12], [@bib13]). Recent technological advances---specifically, microencapsulation of ferrous fumarate with a soy stearene coat ([@bib14], [@bib15])---have resulted in a low-cost formulation of double-fortified salt (DFS) with iron and iodine that prevents the chemical interaction of iodine with iron while maintaining stability in storage under tropical conditions.

The efficacy of DFS in improving hemoglobin has been assessed in Indian female tea pickers ([@bib16]) and in Ghanaian women ([@bib17]); both studies demonstrated a significant increase in hemoglobin in the DFS group compared with a control group that used only iodized salt. The difference in change in hemoglobin ranged from 40 to 72 g/L ([@bib17]) over 6 and 8 mo, respectively ([@bib16]). To our knowledge, the present study is the first that describes the impact of DFS on iron-deficiency measures other than hemoglobin in women.

The DFS formulation used in this study used microencapsulated ferrous fumarate and was previously tested in an efficacy study in Indian schoolchildren ([@bib18]). It was considered highly acceptable by participants, despite causing color changes in some foods, and was efficacious in increasing ferritin and body iron, and in lowering the prevalence of anemia in the iron-fortified group.

The results presented in this article are part of a larger project assessing the impact of DFS on cognition and economic productivity. The objective of the current analysis was to test the efficacy of the DFS intervention in improving iron status in adult female Indian tea pickers. Of particular interest was the impact of DFS on a broad range of iron status and hematologic measures.

Participants and Methods
========================

### Participants.

The project was conducted from June 2009 to August 2010 at the Panighatta Tea Estate in the Darjeeling District of India. The Darjeeling District is located in the northern part of the state of West Bengal. The tea estate is located on a flat plain (terai) 20 km outside the city of Siliguri at an altitude of 150 m above sea level. The mean monthly temperature ranges between 17 and 28°C, and the mean annual precipitation is 3266 mm, with heavy monsoon rains between May and October. Participants were female laborers 18 to 55 y of age working as full-time, experienced tea pickers on the tea estate. Women picked tea 6 d/wk for a total of 6 h/d divided equally between morning and afternoon with a 2-h lunch break. Tea production ranged from 25 to 68 kg/d per person, depending on the season. Women lived on the tea estate with their families in 9 villages (known as "lines") of ∼50 households per village, and belonged to Nepali or Adivasi ethnic groups. Most women were born and raised on the tea estate and continued a multigenerational family tradition of picking tea.

### Study design.

The study design was a double-blind, randomized, controlled food-fortification trial. A call for volunteers was initiated through a blood screening for anemia made available to all adult female residents of the tea estate. Of the 498 women screened, 217 were not qualified for a variety of reasons (age, pregnancy, health, residence, or occupation), and 281 were eligible for complete iron status assessment at baseline. Following the analysis of the venous blood sample, 36 participants were excluded for a variety of reasons ([**Fig. 1**](#fig1){ref-type="fig"}), leaving 245 women to continue with the study. All women with a hemoglobin concentration of \<80 g/L were excluded and treated with 60 mg/d of ferrous sulfate for 30 d with continued treatment as needed for an additional 30 d. Anthelmintic treatment with 200 mg of albendazole was administered to all eligible participants 4 wk before the initial baseline blood collection and at the study midpoint.
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The qualified women were between 18 and 55 y of age, healthy, and not pregnant. They were experienced full-time tea pickers and lived on the tea estate. To ensure approximate equal distribution of anemia in the treatment and control groups, the eligible women were stratified based on hemoglobin concentrations into a mildly-to-moderately anemic group (hemoglobin = 80 to 119 g/L; *n* = 133) and a non-anemic group (hemoglobin = 120 to 140 g/L; *n* = 112). Women from each stratum were randomly assigned into either a DFS group or control group that used only iodized salt. Loss to follow-up resulted in the final sample of 212 women, with 104 in the DFS group and 108 in the control group.

Two rounds of venous blood collection were scheduled over a 5- to 6-wk period at both baseline and end line. Every effort was made to collect blood samples at end line that corresponded to exactly 10 mo from baseline blood collection. Blood was collected at the hospital on the tea estate by trained phlebotomists from the Super Religare Laboratory (SRL). The samples were then stored on ice until delivered the same day by car to the SRL branch in Siliguri for blood sample preparation for next day air shipment to the central SRL in Kolkata.

Written informed consent was obtained from all participants at screening and again at baseline. The study was approved by the institutional review boards of Cornell University and McGill University and the ethics committee of the Child in Need Institute (India), the collaborating institution responsible for logistic support.

### Salt.

The treatment group consumed DFS containing 47 mg/kg of potassium iodate and 3.3 mg of microencapsulated ferrous fumarate (1.1-mg elemental iron) per gram of salt. The microencapsulated DFS premix was developed by the University of Toronto under a research grant from the Micronutrient Initiative, Ontario, Canada ([@bib14]). Ankur Chemfoods produces consumer market iodized salt by crushing, washing, and drying raw sea salt and spraying it with potassium iodate. The DFS premix was then added to the iodized salt. The DFS premix with encapsulated ferrous fumarate was manufactured at Pam Glatt Pharma Technologies. Stability, organoleptic, and acceptability testing of the DFS was previously undertaken by Andersson et al. ([@bib18]) for households near Bangalore. The authors observed some discoloration and black specks, but the salt was still considered acceptable for consumption by all of the participants. The control group used only iodized salt, produced by the same salt company that produced the DFS. To mimic the DFS in appearance, a premix of sodium fumarate was added to the iodized control salt. Based on salt disappearance during a study of rural Indian households in Karnataka, India ([@bib18]), mean elemental iron intake from DFS for adults was estimated to be ∼10 mg/d. From this estimate of iron intake, we calculated the total sample size of 164 participants to observe a significant improvement in serum ferritin. This calculation assumed that iron absorption from DFS would be 10%, and that mean ferritin would increase in iron-depleted, non-anemic women from 15 to 26 *μ*g/L in 4 mo when it should stabilize prior to the anticipated end of the 8-mo intervention period. We also accounted for 50% iron deficiency without anemia, 25% prevalence of inflammation \[high α-1 acid glycoprotein (AGP) or C-reactive protein (CRP)\] at baseline or end line, and a 25% dropout rate, which would result in a final sample size of 112 participants with potential to show a significant improvement in iron status.

To ensure blinding and improve participants' compliance, the DFS and control salt were delivered to the tea estate in 500-g bags marked with 4 color codes (red, blue, green, and black). Two colors per type of salt were assigned by the salt manufacturer, resulting in random assignment of the 245 participants into 4 color-coded groups. Households received 1 bag for every 2 household members each month; the salt was used ad libitum in their food preparation. Women were instructed to finish any opened salt bags before opening a new one to facilitate assessment of salt consumption. Salt was also available between monthly distributions if needed. In addition, free iodized salt was distributed monthly to all nonparticipating households on the tea estate in 1-kg bags without color codes. No other salt was sold on the tea estate during the study period, and local food shops and vendors were compensated for the loss of income from salt sales. The exact content of each color-coded bag of salt, DFS or iodized control, was known only to the salt manufacturer, who retained the codes until the first round of data analysis was completed to determine the difference in iron-status response across the 4 color groups. After this the codes were revealed with green and red belonging to DFS and black and blue to the control salt. Experimental salt distribution began on October 15, 2009 and finished on August 31, 2010. Participants were exposed to the DFS or control salt between 7.5 and 9.0 mo depending on the date of the end line blood sampling.

### Biochemical data.

Hemoglobin, mean corpuscular volume (MCV), serum ferritin, soluble transferrin receptor (sTfR), CRP, AGP, vitamin B-12, and serum folate were measured via venous blood sample at baseline and end line. Initial hemoglobin concentrations during screening were assessed with a portable calibrated photometer (HemoCue AB) from a finger puncture. Blood hemoglobin concentration, hematocrit, and MCV were analyzed with a Coulter Counter (Beckman) and serum ferritin and CRP by chemiluminescent immunoassay on the Immulite 2000 at the Kolkata branch of the Clinical Research Services of SRL. Frozen serum samples were shipped by air to the molecular diagnostics laboratory in Lucknow, India, for analysis of sTfR by ELISA (BioVendor), folate and vitamin B-12 on the Immulite 2000, and AGP by radial immunodiffusion (Kent Laboratories). At midpoint, capillary blood hemoglobin was assessed via HemoCue. Because the equation to compute total body iron reported by Cook et al. ([@bib19]) used sTfR determined by the Ramco ELISA kit (Ramco Laboratories), we converted the BioVendor-derived sTfR to Ramco-adjusted sTfR with the prediction equation derived from 35 random duplicate samples:Body iron was derived from the ratio of sTfR~Ramco~ and ferritin by the equation from Cook et al. ([@bib19]):To adjust ferritin for concurrent inflammation, reflected in elevated CRP and AGP values, the correction factors developed by Thurnham et al. ([@bib20]) were applied to reduce ferritin values down to noninflammatory concentrations. Analysis of ferritin and body iron response to intervention was performed using both adjusted and unadjusted values and found to not differ. Therefore, only analysis of unadjusted ferritin and body iron values are reported.

Anemia was defined as hemoglobin \<120 g/L, and IDA was defined as anemia with ferritin \<12 *μ*g/L or sTfR \>8.6 mg/L.

### Salt consumption.

An individual participant's salt consumption was estimated from 1 randomly chosen day at both midpoint and end line with food weighed at lunch, the major meal, and by 24-h dietary recall. Daily salt consumption for each participant was calculated from the mean intake at midpoint and end line. Total household salt use was assessed by weighing salt bags on 3 consecutive days at 2 randomly chosen time points during the intervention period. Daily salt consumption was calculated from the reduction in weight of the salt bag from day 1 to day 3. Daily household salt consumption was calculated by averaging intake values for the 2 time points. Consumption per household member was approximated by dividing the mean daily salt use by the number of household members. Iodine excretion was assessed at baseline and end line with a single spot urine sample; urinary iodine was analyzed by the molecular diagnostics laboratory with a fast colorimetric method ([@bib21]).

### Anthropometry and demographics.

Age, height, weight, and mid-upper arm circumference (MUAC) were measured at baseline, midpoint, and end line. Height was taken to the nearest millimeter with a field stadiometer, weight was taken on a digital scale to the nearest 0.5 kg, and a constant for the weight of clothing, determined to be 0.465 kg, was subtracted to calculate net weight. MUAC was measured with a flexible tape to the nearest millimeter. BMI was calculated as weight (kg)/height (m^2^). Ethnicity (Adivasi or Nepali), diet (vegetarian or nonvegetarian), and socioeconomic indicators (marital status, literacy, schooling, income, number of children and adults in household, quality of housing) were assessed with questionnaires.

### Statistical analysis.

Statistical analysis was performed with SAS, version 9.3 (SAS Institute). A difference-in-difference analysis was used to assess the efficacy of the intervention with unadjusted means of hemoglobin, ferritin, sTfR, and body iron. Significance of differences in iron status indicators between intervention groups was assessed with 2-sample *t* tests or chi-square tests. For comparisons between baseline and end line, a paired Student's *t* test or McNemar's test was used. Continuous ferritin has a highly skewed distribution and was therefore normalized with a log~10~ transformation. When skewed variables could not be transformed successfully, Wilcoxon two-sample and signed rank nonparametric tests were used. Values are means ± SDs, and statistical significance for all analysis is α \< 0.05.

In addition, the efficacy of the intervention was assessed with linear regression analysis. Outcome variables were the changes (end line minus baseline) in iron status indicators, specifically hemoglobin, log~10~ ferritin, sTfR, and body iron. All regression models controlled for their respective continuous baseline iron measure to adjust for the potential confounding effects of differences in mean baseline values between groups. The main independent variable of interest was treatment (DFS compared with control). Covariates that were assessed as potential confounders were diet (vegetarian vs. nonvegetarian), ethnicity (Adivasi vs. Nepali), BMI, MUAC, and socioeconomic indicators. The potential effect of village was assessed by controlling for village as a random factor in a mixed regression model. Because the random effect of village did not have interclass correlation coefficients of 10% or greater, the more parsimonious solution, general linear models (GLMs) with only fixed effects, was used.

Plausibility analysis included assessment of potential to benefit over the continuous range of iron status measures. Participants with more severe iron deficiency were expected to show a greater change in iron status indicators than participants with less severe or no iron deficiency. This was examined through a test of the significance of an interaction between the intervention group and baseline iron status that should indicate a significantly greater change of iron indicators in the DFS group because of iron fortification compared with controls. A second plausibility analysis assessed the dose response of DFS by associating the amount of iron consumed from DFS with the change in iron status indicators while controlling for baseline iron status. Participants who consumed higher amounts of DFS throughout the study period were expected to exhibit a greater change in iron status indicators than participants who consumed smaller amounts of DFS.

Results
=======

The participants who completed this study had a mean age of 39.5 y, mean height of 150.5 cm, mean BMI of 19.6 kg/m^2^, and mean MUAC of 24.0 cm. There were no significant differences at baseline between the DFS and control group participants for these measures. Likewise, the 2 groups did not differ in iron status or inflammation at baseline ([**Tables 1**](#tbl1){ref-type="table"} and [**2**](#tbl2){ref-type="table"}). A high percentage (53%) of women were anemic at baseline, although only 23% of the total sample had IDA. Mean baseline hemoglobin was \<120 g/L even though women with hemoglobin of \<80 g/L had been excluded from participation ([Fig. 1](#fig1){ref-type="fig"}). Indicators of iron deficiency at baseline showed that 25% of the full sample had ferritin values \<12 *μ*g/L and 22% had sTfR values \>8.6 mg/L. There were no differences between those who dropped out and those who completed the study for any of these measures.

###### 

Baseline, end line, and change in iron status of DFS and control groups[^1^](#tblfn1){ref-type="table-fn"}

                       Time of blood sample                                                                                                        
  -------------------- ---------------------- ------------------ ------------------- ------------------ ------------------- ---------------------- -----------
  Hb, *g/L*            116 ± 12               117 ± 11           117 ± 12            115 ± 11\*         0.8 ± 9.8           −1.9 ± 6.7\*,\*\*      2.7\*\*
  Serum ferritin                                                                                                                                   
   Mean, *μg/L*        29.4 ± 25.8            36.2 ± 38.7        44.6 ± 30.2\*       39.7 ± 34.6        15.2 ± 18.2\*       3.5 ± 27.0\*\*         11.6\*\*
   Log~10~, *μg/L*     1.30 ± 0.42            1.36 ± 0.43        1.54 ± 0.33\*       1.45 ± 0.37\*      0.24 ± 0.25\*       0.09 ± 0.24\*,\*\*     0.15\*\*
   Median, *μg/L*      23.0 (5.0, 58.0)       22.0 (7.0, 76.0)   36.5 (12.0, 81.0)   29.5 (8.0, 87.0)   12.0 (−1.0, 41.0)   4.0 (−9.0, 28.0)\*\*   8.0\*\*
  sTfR, *mg/L*         7.11 ± 3.30            6.57 ± 3.00        6.42 ± 2.09\*       6.79 ± 1.95        −0.68 ± 2.57\*      0.22 ± 2.14\*\*        −0.90\*\*
  Body iron, *mg/kg*   2.60 ± 4.52            3.36 ± 4.43        4.76 ± 3.29\*       3.79 ± 3.57        2.16 ± 2.97\*       0.43 ± 2.51\*\*        1.74\*\*

Values are means ± SDs, or median (10th, 90th percentile). Control (*n* = 108) is the group consuming iodine-fortified salt; DFS (*n* = 104) is the group consuming DFS with iron and iodine; sTfR was adjusted to Ramco values for use in the calculation of body iron. \*Significantly different within the intervention group over time, *P* \< 0.05; \*\*Significantly different between intervention groups, *P* \< 0.05. DFS, double-fortified salt; Hb, hemoglobin; sTfR, soluble transferrin receptor.

End line minus baseline.

###### 

Baseline and end line prevalence values of nutritional status and inflammation indicators of DFS and control group[^1^](#tblfn3){ref-type="table-fn"}

                                            Time of blood sample                                                                                                         
  ----------------------------------------- --------------------------------------- --------------------------------------- -------------------------------------------- --------------------------------------------
  Hb \<120 g/L, *% anemic*                  53                                      54                                      54                                           68\*,\*\*
  Ferritin \<12 *μ*g/L,*% iron deficient*   26                                      23                                      9\*\*                                        18
  Ferritin \<20 *μ*g/L, *% iron depleted*   45                                      44                                      22\*\*                                       35\*
  sTfR \>8.6 mg/L,*%*                       25                                      19                                      13\*\*                                       16
  Body iron \<0.0 mg/kg, *%*                25                                      18                                      9\*\*                                        18
  MCV \>95 fL, *%*                          18                                      25                                      14                                           14\*\*
  Vitamin B-12 \<203 *μ*g/L, *%*            37[^2^](#tblfn4){ref-type="table-fn"}   39[^3^](#tblfn5){ref-type="table-fn"}   46^[2](#tblfn4){ref-type="table-fn"},^\*\*   48^[4](#tblfn6){ref-type="table-fn"},^\*\*
  Folate \<5 mg/L, *%*                      86[^5^](#tblfn7){ref-type="table-fn"}   85[^3^](#tblfn5){ref-type="table-fn"}   73^[5](#tblfn7){ref-type="table-fn"},^\*\*   75^[4](#tblfn6){ref-type="table-fn"},^\*\*
  CRP \>5 mg/L,*%*                          2[^6^](#tblfn8){ref-type="table-fn"}    7[^4^](#tblfn6){ref-type="table-fn"}    5[^6^](#tblfn8){ref-type="table-fn"}         3[^4^](#tblfn6){ref-type="table-fn"}
  AGP \>1 g/L,*%*                           22[^5^](#tblfn7){ref-type="table-fn"}   24[^3^](#tblfn5){ref-type="table-fn"}   21[^2^](#tblfn4){ref-type="table-fn"}        22[^4^](#tblfn6){ref-type="table-fn"}
  Urinary iodine \<100 *μ*g/L, *%*          43[^6^](#tblfn8){ref-type="table-fn"}   44[^4^](#tblfn6){ref-type="table-fn"}   28^[6](#tblfn8){ref-type="table-fn"},^\*\*   31^[4](#tblfn6){ref-type="table-fn"},^\*\*

Control (*n* = 108) is the group consuming iodine-fortified salt; DFS (*n* = 104) is the group consuming DFS with iron and iodine; sTfR was adjusted to Ramco values for use in the calculation of body iron. SI unit conversions: vitamin B-12 *μ*g/L × 0.738 = pmol/L; folate mg/L × 2.266 = nmol/L; urinary iodine mg/L × 78.80 = nmol/L. \*Significantly different between intervention groups, *P* \< 0.05. \*\*Significantly different within intervention group over time, *P* \< 0.05. AGP, α-1 acid glycoprotein; CRP, C-reactive protein; DFS, double-fortified salt; Hb, hemoglobin; MCV, mean corpuscular volume; sTfR, soluble transferrin receptor.

*n* = 103.

*n* = 107.

*n* = 108.

*n* = 102.

*n* = 104.

Difference-in-difference analysis with unadjusted means indicated a significantly greater change in all iron measures in the DFS group than in the control group ([Table 1](#tbl1){ref-type="table"}). Adjusting for inflammation with multipliers of Thurnham et al. ([@bib20]) did not substantially change the difference-in-difference analysis results, even though 23% of the sample had elevated AGP at baseline and 21% at end line ([Table 2](#tbl2){ref-type="table"}). There are multiple nutritional deficiencies that can contribute to the high prevalence of anemia and prevent an increase in hemoglobin from consuming the DFS. These include folate deficiency and vitamin B-12 deficiency, which can contribute to the high prevalence of macrocytic anemia represented by the 25% prevalence of high MCV. Median urinary iodine increased from 119 *μ*g/L (9.38 *μ*mol/L) at baseline to 181 *μ*g/L (14.30 *μ*mol/L) in the whole sample (**Supplemental Table 1**), and there was no difference in baseline urinary iodine or change in urinary iodine between the DFS and control groups. Although 80% of the 93 participants who were iodine deficient at baseline saw a resolution of their iodine deficiency at end line, there was no difference between the treatment groups.

###### 

Effect of intervention on change of iron status indicators in GLMs, controlling for baseline iron status (*n* = 212)[^1^](#tblfn9){ref-type="table-fn"}

                                                     Regression models with outcome change (end line minus baseline)                                                         
  -------------------------------------------------- ----------------------------------------------------------------- -------------------------- -------------------------- --------------------------
  Intercept                                          1.14 (−0.65, 2.93)                                                −0.06 (−0.42, 0.30)        5.88 (3.16, 8.59)\*        −5.39 (−9.07, −1.71)\*\*
  Baseline Hb (g/L)                                  −2.6 (−3.5, −1.7)\*                                               ---                        ---                        ---
  Baseline ferritin (log~10~ *μ*g/L)                 ---                                                               −0.32 (−0.39, −0.26)\*     ---                        ---
  Baseline sTfR (mg/L)                               ---                                                               ---                        −0.57 (−0.64, −0.51)\*     ---
  Baseline body iron (mg/kg)                         ---                                                               ---                        ---                        −0.39 (−0.45, −0.33)\*
  Length of exposure (d)                             0.01 (0.001,0.01)\*\*\*                                           0.002 (0.001, 0.004)\*\*   −0.008 (−0.02, 0.003)      0.03 (0.01, 0.04)\*
  Intervention[^3^](#tblfn11){ref-type="table-fn"}   2.4 (0.4, 4.5)\*\*\*                                              0.13 (0.08, 0.19)\*        −0.59 (−1.00, −0.18)\*\*   1.43 (0.87, 1.99)\*

Values are regression coefficients (95% CIs). \**P* \< 0.001; \*\**P* \< 0.01; \*\*\**P* \< 0.05. DFS, double-fortified salt; GLM, general linear model; Hb, hemoglobin; sTfR, soluble transferrin receptor.

sTfR and body iron with adjustment to Ramco values.

DFS vs. control (reference).

Mean daily consumption of elemental iron from salt estimated from 24-h recall was 8.6 ± 5.7 mg in the DFS group and 0.03 ± 0.01 mg in the control group, with a respective range of 1.9 to 23.3 mg and 0.009 to 0.09 mg, respectively. The mean daily salt consumption per household member based on disappearance from bags was 12.4 ± 7.9 g in the DFS group and 15.0 ± 13.6 g in the control group (*t* = 1.69, *P* = 0.09), whereas daily salt consumption by participants estimated from 24-h diet recall was 7.4 ± 4.8 g and 7.9 ± 4.9 g for the DFS and control group, respectively (*t* = 0.75, *P* = 0.45). The DFS group showed significant improvements in prevalence of iron deficiency and iron depletion compared with the control group. Specifically, as shown in [Table 2](#tbl2){ref-type="table"}, the prevalence of ferritin \<20 *μ*g/L declined significantly from 45 to 22% in the DFS group, whereas among the control group the prevalence dropped from 44 to 35%. The DFS group showed a significant decline in prevalence of participants with negative body iron from 25 to 9%, whereas the control group did not change from the baseline of 18%.

To test for the effects of the DFS intervention on change in iron status after controlling for baseline values, we performed a GLM analysis. **[Table 3](#tbl3){ref-type="table"}** shows that the DFS group, compared with the control group, significantly improved its iron status assessed by hemoglobin, ferritin, body iron, and sTfR after adjusting for the respective baseline iron status measure. The effect of DFS on change in ferritin was 0.134 log~10~ units, which means that the change in ferritin (*μ*g/L) was 34% higher in the DFS group after controlling for baseline ferritin and length of exposure to the intervention. Change in other indicators of iron status demonstrated similar significant positive responses to the intervention, with increases of 2.4 g/L for hemoglobin and 1.43 mg/kg for body iron in the DFS compared with the control group. The DFS group had a decline in sTfR of 0.59 mg/L compared with the control group (*P* = 0.005).

Analyses of the biologic plausibility are shown in [**Figures 2**](#fig2){ref-type="fig"} and [**3**](#fig3){ref-type="fig"}. The modifying effect of the intervention on the relation of baseline iron status to change in body iron was tested with an interaction between treatment group and baseline body iron ([Fig. 2](#fig2){ref-type="fig"}). Iron-deficient non-anemic women with negative body iron measures experienced more improvement in body iron than iron-sufficient women, consistent with hypothesized upregulation of absorption during iron deficiency. Moreover, women who used the DFS had a significantly higher rate of repletion (steeper negative slope) than did women in the control group (*P* value of interaction \< 0.05). In other words, for every 1.0-mg/kg increase in body iron at baseline, there was a 0.52-mg/kg decrease in body iron in the DFS group (*P* \< 0.001). In comparison, the control group showed only a 0.27-mg/kg decrease in body iron for the same 1.0-mg/kg increase in body iron at baseline (*P* \< 0.01). The difference in these slopes was 0.25 mg/kg (*P* \< 0.05).

![Change in body iron from baseline to end line in non-anemic women (*n* = 99) by baseline body iron (mg/kg) according to the intervention group. Solid line indicates DFS; dashed line indicates control. The statistical interaction between baseline body iron and intervention was tested. DFS, double-fortified salt.](nut144957fig2){#fig2}

![Least square mean change in body iron (end line minus baseline) at 2 levels of daily consumption of iron from salt (mg/d). Intakes for DFS reflect participants above and below the median intake of 10 mg/d. The regression model was adjusted for baseline body iron, days of exposure, and mean milligram of heme and non-heme iron per day per 100 g of food consumption. Different letters indicate *P* \< 0.05 adjusted with Bonferroni correction; error bars represent 95% CIs. DFS, double-fortified salt.](nut144957fig3){#fig3}

To test the response of body iron stores to the intervention independent of change in hemoglobin, we limited the sample to non-anemic women (*n* = 99), because in women with IDA who use DFS, hemoglobin should be repleted before ferritin increased. Moreover, 22% of the sample had macrocytic anemia at baseline and might not have been responsive to iron fortification. Regression analysis (not shown) performed to test the effect of the intervention on change in log~10~ ferritin in the non-anemic group corroborated the findings of [Figure 2](#fig2){ref-type="fig"}; the slope of the relation between change in log~10~ ferritin and baseline log~10~ ferritin was −0.43 (*P* \< 0.001) in the DFS group compared with −0.14 (*P* = 0.09) in the control group (*P* = 0.02 for interaction).

A second set of plausibility analyses assessed the magnitude of change in iron status with increasing mean daily amounts of salt consumed from the DFS or control salt per household member ([Fig. 3](#fig3){ref-type="fig"}). Women in the DFS group who consumed below the median (10 mg/d) amount of iron from salt over the course of the study had a marginally greater increase in body iron compared with women in the control group; these women also demonstrated intermediate change in body iron compared with women in the control group and women in the DFS group who consumed above average amounts of iron from salt. Only the difference in body iron change between the high consumers of DFS and the control group was statistically significant. The average change of log~10~ ferritin showed a similar association with iron intake from control and DFS salt (not shown).

Discussion
==========

This study demonstrated significant improvements in all measures of iron status as a result of consuming DFS during an intervention trial in a population at risk of iron deficiency. All of the advantages of the randomized, double-blind, controlled intervention trial were confirmed. With 50% prevalence of iron deficiency, participants in the high-iron DFS group and the iodized salt control group were similar at baseline for iron status and all measured potential confounding factors. The DFS and control groups consumed similar amounts of salt, although the DFS group consumed a sufficient amount of a biologically available elemental iron to account for the observed improvement in iron status. The mean change in urinary iodine excretion did not differ significantly between groups, confirming that the consumption of DFS and control salts was approximately comparable. The intervention trial was of sufficient length to allow for detectable transfer of iron to body stores in the DFS group. The statistically significant difference-in-difference analysis for change in iron status was confirmed with GLM analysis that controlled for basic confounders, indicating that there was indeed sufficient statistical power to show the hypothesized effects of DFS on iron status. Finally, 2 tests of plausibility confirmed the basic difference-in-difference results and suggest that consumption of the DFS was the source of the change in iron status.

Nevertheless, several factors may have affected the magnitude and direction of the results. Concurrent inflammation, reflected in elevated AGP and CRP values, can affect the interpretation of serum ferritin and body iron as indicators of iron status ([@bib22]). Although 23% of participants had elevated AGP values and 5% had elevated CRP values at baseline, adjustments for inflammation to ferritin and body iron by regression or using multipliers of Thurnham et al. ([@bib20]) did not affect the results. Hemoglobin and sTfR values also did not vary by inflammation status. The amount of elemental iron delivered by DFS was about 8.6 mg/d, which is considered adequate to meet the daily estimated average requirement (8.1 mg/d) for \>50% of women of reproductive age ([@bib23]). This is based on the estimated daily salt consumption of ∼7.4 g in the DFS group. Although it was not possible to measure precise individual participant salt consumption, the estimates based on disappearance of monthly salt rations and periodic diet recalls suggest that sufficient iron differential should have been achieved between the DFS group and control group. However, it is likely that the women in the DFS group consumed some of the control salt and that the control group consumed some DFS because of food sharing among households and individual participants. Participants from both the DFS and control groups were documented to have shared their food during the mid-day meal. We estimate that the net effect of this food sharing, and hence salt sharing, resulted in a difference in elemental iron intake between DFS and control groups that may have been reduced to about 5.0 mg/d. The small amount of additional iron consumed by women in the control group (up to 3.0 mg/d) who received food from women in the DFS group may have contributed to a modest but significant improvement in ferritin and body iron in the control group. However, even considering the reduction in the amount of iron intake difference between groups, it was not sufficient to prevent the DFS group from achieving significant improvements in all iron status indicators relative to the control group.

Confirmation of the plausibility and internal validity was demonstrated in several ways. Women with moderate to severe iron deficiency at baseline experienced a greater change in iron status than women with milder or no iron deficiency. Moreover, the DFS group had a significantly steeper change in response to increasing baseline iron status than the control group (*P* \< 0.05 for the interaction). In other words, although both groups showed a decline in the rate of change in body iron with increasing baseline iron status, the DFS group demonstrated a significantly faster return to iron sufficiency than the control group. Additional confirmation that the iron from DFS was accounting for the difference in iron status between groups comes from an analysis of the positive relation between the amount of total iron from salt and the change in body iron ([Fig. 3](#fig3){ref-type="fig"}). This effect was likely attenuated by the food sharing experienced between groups.

Two other studies have assessed the effect of DFS on hemoglobin in women. In a 1-y study, Rajagopalan and Vinodkumar ([@bib16]) determined a significantly different 0.72-g/dL change in hemoglobin between intervention and control groups of female tea pickers in southern India, and Asibey-Berko et al. ([@bib17]) found a significant difference in change in hemoglobin of 0.4 g/dL compared with a control group in Ghanaian women. The current study demonstrated a significant difference in change in hemoglobin of 0.27 g/dL between intervention groups ([Table 2](#tbl2){ref-type="table"}). The lower magnitude of the effect in the present study may be due to the high prevalence of macrocytic anemia, which does not respond to iron fortification if it is caused by other factors like folate and vitamin B-12 deficiency. Another possibility may be the shorter intervention length in the present study, and the aforementioned food sharing that would have reduced the group differences in iron intake. To our knowledge, the current study is the first to demonstrate the effects of DFS in women using multiple indicators of iron status. A study with Indian children found significant increases of similar magnitude (0.2 g/dL) in hemoglobin in a DFS iron-fortified group when compared with a control group. Andersson et al. ([@bib18]) tested a ferrous fumarate--fortified DFS and also assessed measures of iron status in addition to hemoglobin in primary school children from Bangalore, India. A comparison confirms the substantial impact of the intervention on iron status measures in the present study. Andersson et al. related change in the DFS group to that in the control group and reported that ferritin increased by 5 *μ*g/L, sTfR decreased by 0.4 mg/L, and body iron increased by 1.2 mg/kg. The present study found a significant 11.6-*μ*g/L increase in ferritin, a 0.90-mg/L decrease in sTfR, and a 1.74-mg/kg increase in body iron. The smaller change in iron status outcomes reported by Andersson et al. may be due to lower baseline prevalence of anemia (12.3%) and IDA (10.2%). In contrast, 53% of female tea pickers were anemic, and 23% had IDA, suggesting a greater potential to respond.

It is noteworthy that this study sample also benefitted from the additional iodine provided by both the DFS and control salt. Median urinary iodine concentrations increased significantly in both groups and 80% of the iodine deficiency seen at baseline was resolved by the end of the study. Although iodized salt was readily available on the tea estate prior to this study, 44% of the study sample had baseline urinary iodine concentrations \<100 mg/L. One could surmise the provision of iodine in the study table salt was of a consistently higher quality and had a higher iodine content compared with the commercially available salt sold in the community.

This research raises several cautionary issues that should be considered in further efforts to improve the iron status of rural Indian women. Although the focus of this efficacy study was on iron deficiency, it is clear that other nutrient deficiencies need to be addressed. Specifically, the high prevalence of folate and vitamin B-12 deficiencies, and the persistence of anemia and iron and iodine deficiencies even after 9 mo of a DFS intervention, suggests a large burden of nutritional inadequacy in this rural population of tea pickers. A clearer picture of the impact of DFS on iron deficiency and IDA requires an analysis of the role that DFS plays in resolving and preventing iron deficiency and anemia. Although mean hemoglobin concentrations improved in the DFS group compared with the control group, anemia prevalence did not improve in response to the DFS intervention. It is noteworthy that other markers of iron deficiency prevalence did improve in the DFS group, suggesting that failure to improve anemia prevalence may be due to the persistence of vitamin B-12 and folate deficiencies and possible hemoglobinopathies, which are known to cause anemia.

Widespread introduction of DFS into the food system is currently underway at several locations in India. This provides a valuable opportunity to evaluate the effectiveness of DFS as a public health measure that has potentially important implications for the physical and economic health of Indians throughout the country. Daily ingestion of a relatively inexpensive and widely available product like DFS that is stable in tropical climates has the potential for a sustainable solution to iron and iodine deficiency. This needs to be evaluated for effectiveness after a scaled-up introduction of DFS into the food supply. Also, this may be the time to examine salt as a potential fortification vehicle for other nutrients, especially those known to be deficient in less-developed countries. However, along with the apparent benefits of introduction of DFS, we must also consider the potential problems that accompany any manipulation of the food supply. These include the extra costs to the consumer to purchase DFS over iodized salt, the potential for overdose of the fortificants through lapse in safety and quality control of salt production, and unintended promotion of excess salt consumption with its attendant health consequences.

In conclusion, DFS with iron and iodine improved hemoglobin, ferritin, sTfR, and body iron concentrations in a population that ranged from moderately iron deficient anemic to iron sufficient. It also substantially decreased the prevalence of iron deficiency at end line. To our knowledge, this study is the first to use multiple measures of iron status to assess the efficacy of DFS in improving iron status in women. Further research from this study will investigate whether improvements in functional outcomes and the economic impact of improved iron status can be attributed to DFS consumption. Moreover, assessment of the effectiveness of DFS in a variety of community settings and cost-effectiveness in comparison with other strategies to reduce iron deficiency should be considered.
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